slow sensor outputs to match the high data rates that can be handled by fiber systems. In either case, the ability to process broad-band optical data before transduction into electrical signals can be of great practical value.
In the work reviewed here, the approach has been to use 'S) [5] capable of providing long delays (up to 1 s) and typically operating at frequencies of about 10 MHz and below.
Acoustic-wave delay-line devices are perhaps the most widely used approach for signal-processing applications
[6]- [8] . The most versatile and sophisticated of the acoustic delay-line devices are those that use surface acoustic waves (SAW's) [9] . Planar processing techniques can be used to fabricate SAW transversal filters that have thousands of taps and can operate at frequencies as high as several hundred megahertz.
New technologies are emerging that may provide delayline filters operating at frequencies well above 1 GHz.
Magnetostatic-wave (MSW) devices, which make use of the propagation of slow, dispersive spin waves in low-loss ferromagnetic materials [10] , can operate at center frequencies in the range of 2-12 GHz with bandwidths on the order of 1 GHz. Superconducting delay-line (SDL) filters [11] , [12] , using niobium transmission lines and proximity coupler taps, promise to offer low-loss devices with bandwidths as large as 20 GHz.
The use of optical fiber as a delay medium for signalprocessing applications was proposed by Wilner and van den Heuvel [13] , who noted that fiber delay lines were 
where h is Planck's constant, v is the spectral frequency of the signal, and B is the bandwidth (inversely proportional to the measurement period).
The upper limit to the linear power-handling capabilities of the fiber is set by stimulated Raman and stimulated Brillouin scattering. The primary effect of these scattering processes is to transfer energy from the propagating input wave to either a forward or backward propagating wave at a lower frequency (longer wavelength).
For many broadband signal-processing applications, the detection system is not strongly wavelength selective. As a result, the dynamic range of the fiber is limited only by stimulated Raman and The immunity of fiber to such interference, along with its light weight, makes optical fiber a desirable delay medium.
III. SIGNAL PROCESSINGWITH OPTICAL FIBER DELAY LINES
In many ways, optical fiber delay-line devices are schematically similar to delay-line filters made using more conventional technologies, such as devices using surface acoustic waves. As a result, many of the signal-processing functions implemented with fiber delay lines are operationally similar to those implemented with conventional technologies. The basic design methods and processing structures developed for these conventional approaches can be applied to optical fiber implementations as well.
However, certain features exist that are special to optical fiber delay lines that must be considered when applying these design methods. These features relate to the fact that signals to be processed are represented by the modulation envelope of an optical carrier. As a consequence, some fiber-optic delay-line configurations have restrictions on the types of signals that can be processed.
In this section, these features and their effects on fiber delay-line signal processing are discussed. In addition, basic fiber-optic processing structures used to perform a variety of time-domain and frequency-domain operations are presented. The presentation of these structures focusses on the schematic representation; the exact fiber-optic implementation will be left for later sections in which specific delay-line devices are presented.
A. Incoherent Signal Processing
Optical fiber delay-line signal processing is set apart from other delay-line techniques by fundamental differences that stem from the fact that most optically encoded signals are modulated onto a carrier whose frequency is thousands of times greater than that of the highest signal frequency component. Optical detectors are square-law devices that respond to the incident optical power and none is fast enough to respond to the carrier frequency. This is in contrast to the situation encountered in a surface 
C. Fiber-Optic Structures and Applications
A generalized fiber-optic processing system that includes an optical source, an optical fiber delay-line device, and a square-law photodetector is shown in Fig. 3 . Input electrical power @i, drives an optical source via an input voltage ui~or an input current i,n that is proportional to the square root of the electrical power. The source may be an external modulator whose applied voltage determines the amount of transmitted power from a CW optical source. More commonly, the optical source is a semiconductor laser diode whose output can be directly modulated by an input current. If the laser is operated in the linear portion of its diode characteristic (as indicated in Fig. 3 ), the optical power transmitted to the input of the fiber device Pin is linearly proportional to the input current.
The optical power output of the fiber delay line is linearly proportional to the input optical power, provided the optical input power does not induce nonlinear effects (as described in the previous section) and that coherent interference effects are not significant. The optical power output POUt is detected by a square-law detector with the detector photocurrent linearly proportional to the intensity striking its sensitive surface. The output current zOUt is proportional to the square root of the electrical output power .@OUt.
The entire system can be treated as a linear, timeinvariant system in which the output is the convolution of the input with the impulse response of the device. Given IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-33, NO. 3, MARCH 1985 -----.----- Fig. 3 . Generalized fiber processing system that includes an source, fiber delay-line device, and photodetector. optical these properties, the response of these devices can be analyzed using classical transform techniques.
It is important to point out that the evaluation of these fiber systems depends on whether electrical power or optical power has been specified. For some applications, the response of these fiber systems to electrical power is of importance, whereas in other applications, the response of the system to optical power may be important.
Since the electrical power is proportional to the square of the optical power, improper evaluations can result from inaccurately specified parameters, The fiber delay-line device depicted in Fig. 3 can be one of several configurations. Two configurations that are basic to fiber-optic signal processing are the recirculating delay line ( Fig. 4(a) ) and the nonrecirculating, or tapped delay line ( Fig. 4(b) ). Fig. 5(a) and (b) ). These basic structures can act procedures of lattice filtering to high-frequency fiber-optic filters [27] .
This section has discussed some of the factors that must be considered when using optical fiber delay lines for signal-processing applications.
While coherent carrier interference can pose a potential problem in fiber delay-line filters, its effects can be greatly reduced by spatial averaging of the tapped light at the detector and by the use of a highly incoherent source. and noninvasive and can be easily extended to provide for a large number of taps on a single delay line. Fig. 7 shows the tapping mechanism. When a single-mode optical fiber encounters an abrupt bend, the propagating mode is perturbed and some of the light is emitted in a directional cone. Such a bend can be formed by forcing the fiber over a small pin as shown in Fig. 7 . The strength and shape of the radiation pattern depends primarily on the pin radius and its distance from the outer surface of the mandrel.
A macrobend tapped delay line is constructed by wrapping single-mode fiber with a transparent jacket around a mandrel which has a small tapping pin laid at one point along its circumference (Fig. 8) . In many of the devices, micrometers have been used as shown in Fig. 8 . These micrometers allow the tapping pin to be canted, increasing the fiber tension for later taps and compensating for the delay line and tap attenuation. The portion of the mandrel containing the tapping pin is immersed in a bath of index-matching fluid, which serves to extract that fraction of the light radiated from the core that would otherwise be trapped in the cladding of the fiber. The tapped light is collected by a lens that images the row of taps at an intermediate plane. An encoded transmission mask located in this plane serves to weight the taps by attenuating the light at the image of each tap. The light that is transmitted is collected by a second lens and focused on a detector. In this way, the simultaneous summation of the taps that is needed for transversal filtering is accomplished optically. The macrobend tapped delay line has been used to generate coded sequences at gigabit/s rates [28] . By injecting into the device an optical pulse which is $hort compared to the tap spacing, a series of pulses can be generated whose time separations are equal to the tapping interval.
A desired coded sequence can be obtained by optically attenuating the desired tapped output signals at the intermediate image plane. Fig. 9 shows two 8-bit coded sequences generated with a device having a 10-cm circumference which corresponds to a 500-ps tapping interval. The uniformity of the pulse amplitudes is better than~1 dB.
Convolution and cross-correlation can be performed using "a similar arrangement [28] . A modulated optical signal launched into one end of the delay line produces an output at the photodetector which is the convolution of the input signal with the tap weighings.
If the tap weights are such that the impulse response is the time-reversed version of the input signal, then the output is the autocorrelation of the input signal and the delay-line device acts as a matched filter. Matched filtering operations have been performed using a device having a 20-cm circumference which corresponds to a l-ns tapping interval. Fig. 10(a)-(c) show the results for three different on-off codes. These particular codes were chosen because, like Barker codes, their autocorrelation waveforms are characterized by strong central peaks and flat or nearly flat sidelobes. The autocorrelation of the n-bit code (Fig. 1O(C) ) is not shown completely in order to resolve the detail near the peak. The features in the response of the 1l-bit code are expected, corresponding to a two and zero, which should occur 5 ns on either side of the central peak.
Macrobend tapped delay lines can also perform as frequency filters [29] . The response of a device having 19 taps spaced l-ns apart was measured at frequencies from O to 1.3 GHz. The observed response deviated from the expected sin x/x response due to variations in tap uniformity.
Passbands were located at frequencies corresponding to integer multiples of the inverse of the tap spacing and the widths of each passband were inversely proportional to the number of taps incident on the detector. Fig. 1l(a) ). The surface is first ground, then polished until the fiber cladding is removed to within a few microns of the core.
A directional coupler is formed by mating two identical coupler halves face-to-face, as shown in Fig. n(b The adjustability, tapping uniformity, and excess tap loss have been measured for a number of V-groove devices [31] . The tapping uniformity of a four-tap device was evaluated for tapping strengths ranging from -10 dB to -50 dB. In all cases, the uniformity was better than + 1.5 dB. The excess tap loss, which was found to be dependent The use of the V-groove tapped delay line as a transversal filter is analogous to that described for the macrobend tapped delay line [26] . The experimental arrangement for both code generation and correlation using the V-groove device is shown schematically in Fig. 13 . In this arrangement, coded sequences are generated by injecting a short optical pulse into the right-hand end of the delay line. The tapped outputs emerge at location A (Fig. 13) where they are weighted and optically summed by combining them on a single detector.
Closed-loop correlation has been performed by using the LD analog transmitter to reinject the generated sequence into the other (left-hand) end of the delay line. This sequence is then sampled, weighted, and again combined onto a single detector (Output B, Fig. 13 ). The result, in this instance, is the cross-correlation of the tap weightings at Output A with the tap weightings at Output B. 
C. The Recirculating Delay Line
The recirculating delay line is formed using the singlemode directional coupler discussed earlier. The loop can be formed without a splice by appropriately mating two coupler halves that have been fabricated on a single strand of fiber ( Fig. 4(a) ). The resulting directional coupler tap allows signals to be launched into the loop as well as to be extracted from it. The amount of recirculation in the delay-line loop is determined by the coupling coefficient, the excess loss of the coupler, and the propagation loss in the fiber loop.
An important class of time-domain applications exist wherein fiber recirculating delay lines can be used for data-rate transformations [33] . A recirculating loop can be used as a buffer memory that will accept information at a given data rate, temporarily store it, and transmit it at a different rate. For example, such a device would allow the interfacing of a sensor that is acquiring and transmitting information at one rate to a processor that requires the entry of data at a different rate.
In the "slow in-fast out" mode ( Fig. 16(a) ), a slow stream of data pulses (rate 1/T) is injected into a loop having a circulation transit time T -~. In this way, each pulse is injected a time~after the previous pulse has completed a full circulation. Thus, the pulses are interleaved such that they ae separated by T as they circulate in the loop. Once the entire pulse stream has been read into the loop, it can be read out at a bit rate of l/~.
In the" fast in-slow out" mode ( Fig. 16(b) ), a high-speed data stream is injected directly into a loop, which also has transit time T -~. Individual pulses can then be read out one by one at a regular interval T until the entire code is recovered at the slower rate I/T.
In practice, both of these transformer modes require amplification to compensate propagation and coupling loss, as well as switchable, gated coupling to selectively inject or extract individual pulses or groups of pulses. While the "slow in-fast out" mode requires a relatively slow gate with a switching time on the order of, T, the "fast in-slow out" mode requires a fast gate with a switching time less than~in order to extract individual pulses from a circulating high-speed pulse train.
One interesting application, which demonstrates the potential of recirculating delay lines to performing data-rate transformations, is uniform pulse-train generation [34] . In this application, two single-mode fiber recirculating delay lines are used in series to generate a sequence of uniform pulse trains (Fig. 17) . When a single short pulse is launched into a "generator" loop having transit time T, the output consists of an infinite, decaying series of pulses spaced by T. If such a sequence is coupled into a "multiplexer" loop having transit time T -~, then each pulse of the input sequence enters the loop a time~after the previous pulse has completed a full circulation. both loops with the adjustable directional couplers and variable splices within each loop, respectively. The resulting output (Fig. 18) consisted of a sequence of 1.25 Gb/s (corresponding to a 0.8-ns difference in loop transits) pulses with pulse heights within a given pulse train uniform to better than +0.3 dB.
This technique provides a simple method for generating a series of high-speed uniform pulses. Since the interval r between pulses within each pulse train depends only on the transit time difference between the generator and multiplexer loops, this interval may be extremely short, limited only by the width of the original input pulse. The interval between pulse trains may be much longer, however, enabling the extraction of a desired pulse train from the series by a relatively slow gate. In order to extract the Nth pulse train from the output sequence, the switching time of the gate needs to be only T -NT.
Recirculating delay lines can also be used for frequency filtering.
The frequency response depends on the adjustment of the coupler, the propagation loss of the loop, and the insertion loss of the coupler. Notch filtering has been demonstrated using a variety of recirculating delay lines with loop delays ranging from 1.00 ps to 1.35 ns [35] . The frequency responses were characterized by having deep notches ( -55 dB) and uniform overtones extending beyond one gigahertz. The uniformity of these overtones was limited by the measurement system (laser diode, detector, amplifier, and network analyzer) and therefore the response of these fiber filters should be uniform well beyond several tens of gigahertz. (Fig.  19) . The output from a CW laser diode (A= 820 nm) was focused into the waveguide modulator which was driven over a broad frequency range by the sweep oscillator. The modulated light output was coupled into a fiber filter (1.35-ns loop delay) which after passing through the filter was detected by the GaAs photodetector. The output of the photodetector was in turn fed into the spectrum analyzer. The oscillator and spectrum analyzer were stepped together in 1O-MHZ intervals from 1 to 18 GHz by a desktop computer.
The frequency response of the filter was first measured with the coupler adjusted for maximum notch depth. The loop was then disassembled by separating the coupler halves so that the fiber served as a link (total length 1 m)
from the modulator to the detector. Since the modulation at 740 MHz with overtones that are uniform to within + 1.5 dB to at least 18 GHz, at which point their measurement was limited by the dynamic range of the system. It is worth noting that this uniformity is better than the specified flatness uncertainty of the spectrum analyzer. The operation of the matrix multiplier with fixed weights is. described in Fig. 21 for a 2 X 2 Toeplitz matrix. The matrix elements are represented by the coupling coefficients ( ai), which are asstimed to be sufficiently weak so that the input vector is not significantly attenuated by the couplers and that additional recirculation are negligible.
The components of the input vector enter the input line as a time sequence of light pulses whose spacings are equal to the round-trip loop delay T between adjacent couplers.
Since the device is linear in the intensity of the propagating light, the total response of the output is the. sum of the responses to the two components of the input vector. As illustrated in Fig. 21 spends to a 1OO-MHZ clock rate. The three couplers were manually adjusted to yield an impulse response with the first three pulse heights proportional to a12, all( = aaz), and a~z, respectively. The experimental output vectors, which are shown in Fig. 22(a) 
111 and 112 are the intensity transmission factors from
X1
to YI and X2 to Y2, respectively. bO and bl are the coupling coefficients of the couplers as shown in the figure. z is the Z-transform variable. A similar matrix representation can be used for twocoupler recursive systems. In these structures, a chain matrix, whose elements relate the pairs of input-output terminals (Xl, Yl) to (X2, Yz) ( Fig. 5(a) ) is used[27J
where
and II = 111112and a. and al are the coupling coefficients of the couplers. Matrix representations for cascaded systems can be determined in a straightforward manner. For cascaded recursive sections, the system matrix GtOtd is the product of the individual chain matrices, multiplied in the same order as the sections are cascaded, i.e., G,.,,, = GlG2G3 . . . GN.
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Ire(Z) t A3= (0.9,a.9,0.9,0.9) A =(0.9,0,1,0.1,0.9) ,3 @'"%p=" Fig. 23(a) ), and for the other case there are both real and complex poles (Fig. 23(b) ). The presence of the two peaks within one basic period of the frequency response (upper curve) is indicative of the existence of complex conjugate pole pairs. In both responses, the peaks at integer multiples of P correspond to positive-valued poles. Experimental frequency responses of a second-order feed-backward lattice are shown in Fig. 24(a)-(c) . The magnitude of the frequency response shown in Fig. 24(a) was measured with the last coupler in the cascade set to a coupling ratio of zero. As a result, the device becomes a first-order filter, and thus only one peak per basic period in the frequency response is observed. Fig. 24(b) shows the frequency response of the lattice with the coupling coefficients set to intermediate values. Fig. 24(c) is an expanded portion of one basic period of the same response including the phase. For these coupling ratios, two peaks per basic period are evident, indicating. that the lattice is performing as a second-order filter. The upper traces in Fig. 24 (a) and (b) are the responses of the measurement system (i.e., laser diode, detector, and ainplifier).
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